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THE ROLE OF MANIPULATOR CHARACTERISTICS IN SELECTING 
THE IDEAL "EFFECTIVE VEHICLE" 

By Ronald A. Hess 
NASA Ames Research Ceater 


SUMMARY 


A str<4Ctural model of the human pilot has been Introduced and discussed 
In recent Manual Control Conferences. The model has been used to provide 
a rationale for certain nonlinear pilot control behavior such as stick 
pulsing and has served as a framework for studying aspects of motor skill 
development. In light of the theoretical background provided by the model » 
some past empirical pilot response phenomena are analyted and shown to be 
attributable to manipulator or control stick characteristics. In particular, 
some recent problems associated with pllot/vehlcle performance In glldeslope 
tracking In short-takeoff and landing (STOL) aircraft are analyzed. The 
apparent contribution of the cockpit manipulator (throttle) characteristics 
to these problems are outlined and a solution proposed and evaluated In both 
slmulatlot. and flight test. 


INTRODUCTION 


In order to actively control some physical system such as an aircraft 
or automobile, the human operator must utilize a manipulator such as a con- 
trol stick or steering wheel. The characteristics of the manipulator can 
l<ave a profound effect upon the performance of the man-machine system. 
Although studies such as those by Herzog and Merhav and Ya'Acov^ have 
capitalized upon this Interface to Improve tracking performance In certain 
compensatory tasks, the specific Inclusion of manipulator characteristics 
has not been a primary concern of the analyst. In pilot modeling, for 
example, the human has generally been treated as a servomechanism with zero 
output Impedance. If the dynamics of the manipulator are significant In 
the frequency range of Interest for manual control (typically 0. 1 < u < 10 
rad/sec), they are usually lumped Into those of the controlled element. 
Proprioceptive feedback has been postulated to fulfill a relatively minor 
role In determining overall pilot Input-output characteristics although Its 
contribution to the operation of the particular neuromuscular system oper- 
ating the manipulator has been recognized as extremely Important.^ 


4-7 

Recently, Hess has Introduced and discussed what can be called a 
structural model of the human pilot in which proprioceptive feedback plays 
an important role in determining pilot equalization. In the next section. 
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this modui will be discussed briefly and the implication of its structure as 
regards manipulator characteristics will be treated. With the model serving 
as a theoretical framework, some specific empirical examples of manipulator 
effects will then be discussed. 


THE STRUCTURAL MODEL 


t 

The structural model of the human pilot proposed by Hess has been 
discussed at some length in the literature^-^ and hence will only be outlined 
here. Figure 1 is a block diagram of this model for compensatory tracking 
behavior. The model of Fig. 1 has been divided into "central nervous 
system" and "neuromuscular system" components, a division intended to 
emphasize the nature of the signal-processing activity involved. System 
error e(t) is presented to the pilot* via a display with dynamics Y, . The 
rate of change of the displayed error is assumed to be derived from e^(t). 

The process of deriving error-rate is assumed to entail a computational 
time delay of seconds. Constant gains and multiply the signals 
e^(t) and respectively. The switch allows either of these two 

signals to be used as driving signals to the remainder of the model. A 
discussion regarding the utility of error-rate control is provided in Ref. 6. 
The action of the switch is parameterized by the variable which repre- 
sents the probability that the switch will be in position 1 (error-rate 
control) at any instant of time. A central time delay of Tq seconds is in- 
cluded to account for the effects of latencies in the visual process sensing 
e^(t), motor nerve conduction times, etc. The resulting signal u (t) pro- 
vides a command to a closed-loop system, which consists of a model of the 
open-loop neuromuscular dynamics of the particular limb driving the mani- 
pulator, Yp , and elements Yf and Y^^^, which emulate, at least approximately, 

* n 

the combined effects of the muscle spindles and the dynamics associated 
with higher level signal processing, A colored noise n^^(t) is injected at 

the pilots *s output as remnant. 

As pointed out in Pef. 6, the signal u^j(t) is really proportional to 
the time rate of change of vehicle output due to control activity, and as 
such, is a form of rate feedback. The first three rows of Table 1 show 
model parameters selected to give the describing function matches shown 
in Figs. 2-4. Table 2 shows the variation in pilot dynamics (in simplified 
form) with increases in the order of the controlled element dynamics. The 
third column shows the simplified form of the proprioceptive feedback implied 
by the combination of in Fig. 1. For example, for Y^-K/s, 1^1, and 

from Fig. 1, 


YfYm *= Kis/(s + l/Tf) (1) 

For valuer of found appropriate for K/s dynamics (Tj^»5 secs from Table 1), 
Y£Yjjj looks very much like a pure gain in the important region of open-iocp 
crossover. Thus, row 2, column 3 of Table 2 shows the required proprio- 
ceptive feedback for controlling K/s dynamics to be applied force or 
displacement U6(t). This force or disipJacement Is defined relative to a 
set-point or regulation point, e.g., the equilibrium position of a spring- 
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restrained control stick. K/s dynamics have long been associated with the 
most desirable "effective vehicle" characteristics for single-axis systems 
under manual control.^ In terms of the classical servo-model of the human 
pilot (likened to column 2 of Table 2), a "pure-gain" pilot results, i.e., 
no pilot equalization is required. In terms of the structural model, which 
Inherently contains two feedback loops, only feedback of proprioceptlvely 
sensed force or displacement is needed. The same cannot be said for Y -K/s 
Here, k=2 and from Fig. 1 ^ 


2 


Vm “ 1 /T 3 ^)(s + l/Tg) (2) 

For values of T. and T 2 found appropriate for K/s dynamics (T2f=Tjp2.5 secs 
from Table 1) YfYjjj looks very much like an integrator in the important region 
of crossover. Thus, row 3, column 3 of Table 2 shows the required proprio- 
ceptive feedback for controlling K/s^ dynamics to be the integral of applied 
force or displacement from some set -point or regulation-point. A rationale 
for human operator pulsive control behavior was offered in Ref. 5 based upon 
the hypothesis that the human attempts to reduce the computational burden of 
time integration of u^ (t) in higher levels of the central nervous system. 


Lastly, consider Y^=K, k*=0 and, from Fig. 1, 

Vm " V® ^ 1 /T 2 )s/(s + 1/T^) (3) 

With Ti= T 2 , takes the form of a differentiator. Thus, row 1, column 3 

of Table 2 shows the required proprioceptive feedback for controlling K 
dynamics to be the’time derivative of u^(t). Again, assuming the validity 
of the model of Fig. 1, this differentiation might also be accompanied by 
considerable activity In the higher levels of the central nervous system. 

Two things may mollify this situation, however. First, as Fig. 1 and Table 2 
indicate, the pilot dynamics for this controlled ^element are a first 

order lag. This inherent filtering action of the error signal makes the 
pilot output n«(t) rather smooth and low frequency in nature. This is ex- 
emplified in Figs. 5 and 6 taken from Ref. 5 where the structural model was 
digitally simulated as part of a single-axis tracking task. Fig. 5 shows 
segments of Oj(t) and u^(t) for Y^=K whereas Fig. 6 shows the same variables 
for Y^*=K/s. Notice the lower frequency content of u^(t) in Fig. 5 as opposed 
to that in Fig. 6. Second, the muscle spindles and Oolgi tendon organs 
themselves, can provide direct rate information. This means that differen- 
tiation as an operation in the higher levels of the central nervous system 
may be obviated. Of special importance is the fact that the required pro- 
prioceptive feedback (or calculation) of du^/dt does not require information 
regarding a set-point or regulation point as was the case in the previous 
two controlled elements (Y^=K/s,K). This will have important repercussions 
in the section which follows. 


FLIGHT PATH CONTROL OF STOL VEHICLES 


Reference 10 summarizes some interesting v;ork, part of which involved 
the landing approach performance of a simulated powered-lift short takeoff and 
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landing (STOL) aircraft. Various vehicle dynamics were evaluated In piloted 
simulation. In the landing approaches, vertical flight path control was 
accomplished almost exclusively by throttle. In addition, very little 
column activity was needed for attitude/airspeed control. This was not 
accidental as an attitude-hold stability augmentation system (SAS) was de- 
signed and utilized for the express purpose of minimizing pilot activity 
with the longitudinal control column. 

Figure 7 shows the dynamics of one of the configurations analyzed. The 
pertinent transfer function Ls 

(d/6 )’ - (Ng )’/sA* (4) 

T 

Here, d represents longltudlnax vehicle motion perpendicular to the glide- 
slope, and 6^ Is throttle movement. The (*) notation Is meant to emphasize 
the fact that an inner attitude- loop Is being closed by the SAS. No pilot 
Inner-loop attitude closure Is assumed, an assumption found to be valid 
from simulation. Table 3 lists the pertinent vehicle dynamics. 

Figure 8 shows pllot/vehlcle transfer function for the configuration 
of Fig. 7 measured at six frequencies around crossover. This "open loop" 
transfer function Is of Interest for four reasons: First, the crossover 
frequency appears to he somewhere between 0.3 and 0.4 rad/sec, a very low 
value for manual control experiments. Second, the pilot Is not particularly 
successful In forcing the open-loop pllot/vehlcle characteristics Into a 
K/s-llke form in the region of crossover. Third, the low frequency phase 
data exhibits none of the "phase droop"^ normally associated ikth such pilot/ 
vehicle open loop transfer function measurements. Finally, fitting this 
data with a simple lead-lag model would require an effective time-delay of 
0.8 secs, quite a large value for manual control experiments. 

We will now show that these four characteristics can be produced by Che 
structural model of Fig. 1. Figure 9 shows the model-generated pllot/vehlcle 
transfer function. The model parameters are listed In the fourth row of 
Table 1. The model fit was obtained by assuming that Che pilot was con- 
trolling rate alone. This assumption was necessary to achieve an acceptable 
fit to Che data. Actually, of course, the error-rate loop would serve as an 
Inner-loop to an outer, error-loop closure. However, the fact that a reason- 
able fit to the data could be obtained by considering just error-rate con- 
trol, alone, suggests that this control dominates. This Is corroborated 
by experimental results from Ref. 10 where It was stated "All of the pilot's 
Indicated that the technique for glldeslope tracking was primarily to 
control glldeslope deviation rate (3)." 

Using the structural model, we can now provide a rationale for this 
activity. The transfer function (3/6^)' »d.ll exhibit pure-galn like 
characteristics for u> ^ 0. 3 rad/sec. Such characteristics have been hypo- 
thesized here to be Ideal for manipulators which do not provide set-point 
information, such as the engine throttles used In Ref. 10. Normally, 
exclusive rate control would carry a workload buiden emposed by the 
necessity of deriving rate information from displacement Information. How- 
ever, In the simulation of Ref. 10, rate Information was available directly 
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from the Instantaneous Vertical Speed Indicator (IVSI) in the cockpit. Again, 
quoting from Ref. 10, the actual piloting technique was 

"a. Keep d at a very low level by controlling IVSI with power, 
e.g., find a target IVSI that keeps the glideslope bug 
stationary on the display (nominally 800 ft/min) 

b. If glideslope error (d) is diverging, try to first zero d, 
than adjust power so d is slowly converging (i.e., pick a 
new target sink race on the IVSI). 

c. If the glideslope error is less than one dot, make very 
small power adjustments (if any)." 

Since rate Information was available directly, the delay normally associated 
with rate derivation, , was set to zero. To account for scanning delays, 

Tq was Increased from the nominal 0.14 secs to 0.2 secs. Note that the 
model capkcrcs the salient features of the data including the four "anomolies" 
mentioned previously. In particular, note that no large time delays have to 
be hypothesized to match the phase lag data. It also appears that all of 
these anomolies have their origin in the characteristics of the manipulator 
and in the availability of explicit rate Information. 

Next, let us consider the results of an investigation reported in Ref. 

11. In this study a flight test program was carried out to assess the 
feasibility of piloted instrument approaches along pre-defined, steep, curved 
and decelerating approach profiles in powered-lift aircraft operating on the 
backside of the power curve. Separate stability augmentation systems for 
attitude and speed were provided, as well as a supporting fllgltt director and 
special electronic cockpit displays. Of particular Interest was a problem 
encountered in glideslope tracking using a throttle flight director which 
produced K/s-like effective-vehicle characteristics in the frequency range 
0.1 ^ 1.0 rad/sec. Figure 10 shows the effective-vehicle characteristics 

(dlrector+alrcraft) . Although the K/s dynamics do not extend beyond 1.0 rad/ 
sec, no additional and deleterious phase lags accrue in this region. Figure 
11 shows the oscllJitory glidefjlope tracking characteristics revealed in 
flight tests for this configuration. The question now arises as to how the 
pilot would control this effective vehicle. Two obvious approaches are: 

1) use rate control as in the previous example, 2) use displacement control. 

In the first case, the pilot's internal model of the effective vehicle in 
the frequency range u 1.0 rad/sec would be a pure gain (k«0). According 
to the structural model, this would allow the manipulator to be suited to the 
dynamics. However, unlike the simulation just studied, rate information in 
the form of 6-pjj (rate of change of throttle flight-director signal) is not 
expllcltely available and would have to be derived by the pilot. Probable 
pilot/vehlcle dynamics for this case are shown in Fig. 12. The structural 
model parameters are shown in the fifth row of Table 1. With the exception 
of Tq and T. , they are identical to the parameters which yielded the match 
of Fig. 9, (fourth row of Table 1). 

!§ The value of tq was Increased from 0.2 to 0.5 secs to account for the 

fact that considerably more scanning probably occurred in the study reported 
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In Ref. 11 (a flight test) than In the one reported In Ref. 10 (a simulation). 
The value of was Increased from 0 to 0.2 secs to account for the fact that 
rate Information had to be derived . As Fig. 12 Indicates, stability margins 
are more chan adequate. However, the necessity of continuously deriving rate 
Information from the displayed flight-director sigtial 6.^^^ nay lead to high 
workload and Inadequate time to control the remaining two directorf and scan 
the status displays In tl.e cockpit. In addition, rate control alone may not 
yield performance which the pilot deems acceptable. 

Consider, on the other hand, the situation where the pilot controls dis- 
placement. Here, the pilot's Internal model of the effective vehicle In the 
frequency range u _< 1.0 rad/sec would be K/s (k*l). According to the 
structural model, the manipulator characteristics are not well suited to 
chose of the effective-vehicle. It has been hypothesized here that the 
necessary proprioceptive Information of applied force or displacement from 
a set-point (see Table 2) would not be available. Figure 13 shows the 
probable pllot/vehlcle dynamics for this case under the preceding assumption. 
The model parameters are given In the sixth row of Table 1. They are closely 
.related to those of the second row which utilized K/s dynamics. The most 
significant differences are the values of Tj^ and tq. The rationale behind 
Che revised value of Tq has just been given. For Che sake of simplicity, no 
switching Is assumed to occur, l.e., The decreased value of Tj^ Is 

Intended to account for the assumption that little low-frequency proprio- 
ceptive feedback is available from the overhead throttles. This reduction 
means that Che "break frequency" of the washout element of Fig. 1 Is 
moved to higher frequencies, thus reducing the amount of low-frequency 
information available. 

The effect of this change Is rather dramatic as can be seen by comparing 
Che phase angle plots of Figs. 12 and 13. Note the much larger phase lags 
apparent in Fig. 13. This lag Increment Is obviously not due to any changes 
in the delay Tq, however. Rather, the closure of Che two Inner-loops of Che 
structural model cause a real root Co migrate to a position sA-0.4. This Is 
demonstrated In Che two root locus diagrams for these closures shown In 
Figs. 14 and 15. Note from Fig. 13 Chat a closed loop Instability is 
'.possible at u*0.8 rad sec (0.13 cycles/sec). This is seen to compere quite, 
favorably with the frequency of the path rate oscillations evident In Fig. 11. 
These oscillations constitute Che glldeslope Cracking problem alluded to 
briefly at Che beginning of our discussion of the experiments of Ref. 11. 
Although the oscillations of Fig. 11 represent a worst case example, they 
typified the glldeslope tracking characteristics of the pllot/vehlcle 
system. In Fig. 11, 5 cycles occur In approximately 38 secs (0.13 cycles/ 
see). The model results should not be Interpreted as a "prediction" but 
rather as a ratlcnale for the existence of a low frequency oscillation In 
the glldeslope cracking for uhis ef fecClve-vehlcle/sianlpulator combination. 
Note that in order to produce an unstable frequency at 0.8 rad/sec using a 
crossover model of the pilot,® an effective time delay on the order of 
1.5 secs would have to be hypothesized! 

From what has been discussed thus far, a solution to Che flight-path 
oscillation problem would appear to lie In changing the characteristics of 
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either the throttle or the effective vehlc' 2 . The latter courae was chosen 
In Ref. 11 and the dynamics of the effective vehicle (dlrectorfalrcraft) 
were changed from K/s to K. This was accomplished by feeding back washed-out 
throttle position to the director. The reader Is referred to Ref. 11 for 
details. Figure 16 shows the modified effective vehicle dynamics. The roll- 
off at frequencies beyond 5 rad/sec Is due to a first-order filter being 
Implemented to smooth the director signal at high frequencies. Flf^ure 17 
shows the resulting flight test results with the modified director (note the 
change In scales In the ordinates between Figa. 11 and 17). Performance is 
Improved rather dramatically. Quoting from Ref. 11: 

'during the limited flight evaluation of these alternative 
throttle flight director control laws, and during the course 
of gathering the simulator data, pilot commentary indicated 
t^ery little tendency toward oscillatory glldepath tracking 
characteristics. The pilots were not aware of providing any 
compensation while tracking the throttle-director bar, and 
were able to easily null the flight-director coonand bar 
without overshoot, using what were frequently step-llke 
throttl' Inputs as can be seen In figure 63 (our Fig. 17). 

Once a correction was made, attention c. aid temporarily be 
diverted to other display- scanning tasks without l&rge errors 
developing in the throttle-director bar" 


CLOSING REMARKS 


The research Just discussed was Intended to point out that "Ideal" 
effective-vehicle dynamics for manual control systems can fe dependent upon 
manipulator characteristics. A structural model of the human pilot described 
In Ref. 6 which Incurporati.d explicit proprloceptl /e feedback was used as 
a framework for Interpreting some simulation and flight test results. The 
model was able to match measured pilot transfer function data exhibiting 
"anomolous" characteristics and was able to provide a rationale for oscilla- 
tory pllot/vehlcle behavior. Finally, the model suggested a successful 
approach for Improving the glideslope tracking performance of the aircraft 
exhibiting the oscillatory behavior. 
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Table 1. Structural Model Parameter Values 




Table 2. The Adaptive Pilot 


Controlled Element 


Y 

c 


k 


Simplified pilot Required proprioceptive 

dynamics feedback 

Y 

P 


K 

0 

K e"'^eS/(T 8 + i) 
P 1 

du (t)/dt 

0 

K/s 

1 

K e-"e® 
P 

Ug(t) 

K/s^ 

2 

K (T s 4 De’^^e® 
P L 

fu^(t)dt 


Table 3. STOL Configuration API (Ref. 10) 


Vq (kts) 


Yq 


75.0 

- 6.0 

1.87 


6 ™, (%) 

0 


30.6 


<s + .25Ks + .36)(s + .67)(s + 8.32) (s^ 4 2(.5)(.33)s 4- .33^) 


T 


0.l67(s 4 .475)(s 4 1.75)(s 4 8.3)(s^. 4 2(.99) (.163)a 4 .163") 


Prime notation Indicates Inner attitude-loop closed by SAS 
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Figure 2. Describing fiuictlon and remnant Figure 3. Describing function and 
comparison, K controlled-element dynamics remnant comparison, K/s controlled 

element dynamics 
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model, K controlled-element dynamics 


Figure 6, Error and control from structural 
model, K/s controlled -element dynamics 
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Figure 10. Effective vehicle (director+aircraft) 
for throttle control from Ref. 11 
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Figure 12. Model-generated transfer function 
for rate control of effective vehicle of 
fiR. 10 
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Figure 13. Model-generated transfer function 
for displacement control of effective vehicle 
of fig. 10 
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Figure 17. Glideslope tracking charac- 
teristics of aircrafi: -ith modified 
flight director fi'om 7vef. J1 



